ABSTRACT Feathered and featherless (scaleless) sibling broilers were reared and processed together to evaluate the influence of feathers and feather follicles on carcass bacteria recovery after chilling. In each experiment, broilers were inoculated 1 wk prior to processing by oral gavage with a suspension of salmonellae or Campylobacter at 10 6 cells/mL. Broilers were stunned and bled, and carcasses were single-tank or triple-tank scalded, defeathered, eviscerated, and washed. Carcasses were chilled for 45 min in ice and water immersion chillers with or without 20 mg of chlorine/L added. Postchill carcass rinsates were evaluated for Escherichia coli, coliforms, total aerobes, and salmonellae or Campylobacter. Following processing and immersion chilling, genetically featherless carcasses had slightly higher counts (by log 10 0.35 cfu/100 mL of carcass rinsate) for E. coli, coliforms,
INTRODUCTION
Empty feather follicles are commonly speculated to harbor bacteria during and after defeathering of carcasses (National Advisory Committee on Microbiological Criteria for Foods, 1997) . Numerous publications state that bacteria may become lodged in feather follicles during processing, but none of these publications have provided data to support this statement (Barnes, 1972; Barnes et al., 1973; Bryan, 1980; SCVPH, 1998) . Readers have repeated the statement that feather follicles on poultry carcasses harbor bacteria, thereby perpetuating the distribution of an undocumented assumption. Berndtson et al. Mention of trade names or commercial products in this publication is solely for the purpose of providing specific information and does not imply recommendation or endorsement by the US Department of Agriculture. 2 To whom correspondence should be addressed: jbuhr@saa. ars.usda.gov.
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and total aerobes than feathered carcasses. However, there were no significant differences in the prevalence of salmonellae (25%) or Campylobacter (93%) between feathered and featherless carcasses. Recovery of E. coli, coliforms, and total aerobic bacteria were lower for carcasses that were single-tank scalded, and following enrichment, salmonellae were recovered from fewer carcasses subjected to the single-tank (71%) than triple-tank (86%) scalding. Addition of chlorine to chiller water significantly decreased carcass bacteria recovery (by log 10 0.43 cfu/100 mL of carcass rinsate) for E. coli, coliforms, total aerobes, and Campylobacter but did not affect salmonellae recovery. The presence of feathers and feather follicles during processing and immersion chilling appears to have minimal influence on the recovery of salmonellae or Campylobacter from carcasses sampled after immersion chilling.
(1992) claimed that feather follicles close during chilling therefore trapping microorganisms in the skin. The presence of bacterial pathogens in feather follicles during and after processing has not been demonstrated with carcasses that harbor natural levels of these pathogens (Buhr et al., 2003) . Salmonella have been photographed within empty feather follicles after soaking skin pieces for 2 h in a highly concentrated suspension of Salmonella (Kim et al., 1996) . However, locating naturally occurring salmonellae within an empty feather follicle during or immediately after processing has not been reported. Bacteria that are easily removed from a carcass pose a greater risk to public health (through cross-contamination of other foods) than bacteria that are present inside the carcass or firmly attached to the carcass and would be killed during cooking (van Schothorst et al., 1976) .
To study the importance of feather follicles in harboring bacteria, genetically feathered and featherless sibling broiler carcasses were subjected to single-or triple-tank scalding, chilled with or without added chlorine, and sampled postchill by whole-carcass rinse for salmonellae, Campylobacter, Escherichia coli, coliforms, and total aerobic bacteria.
MATERIALS AND METHODS

Broiler Rearing and Challenge
Featherless (scaleless) broilers and their feathered siblings were obtained from the third outcross generation of a breeding program previously described by Buhr et al. (2003) . Chicks were reared on pine shavings in 5 × 8 m floor pens in a controlled-environment house. They were fed nonmedicated, corn-soybean meal-based starter (3,100 kcal of ME/kg, 23% CP) for 3 wk and a nonmedicated pelleted grower diet (3,200 kcal of ME/kg, 21% CP) for the remainder of the study. Starting at 5 wk of age, broilers were individually weighed and identified by leg band. One week prior to processing, only the body weight selected broilers that would be used the following week were challenged by oral gavage with a 1-mL suspension of 10 6 cells/mL salmonellae (experiment 1) or Campylobacter (experiment 2). Feed was removed 4 h prior to inoculation and replaced 4 h following inoculation to aid intestinal tract colonization (Moran and Bilgili, 1990) . The day prior to each trial, 12 feathered and 12 featherless broilers were selected by pair-matched body weights to assure carcasses were subjected to similar processing conditions. On the evening prior to processing, feed (but not water) was withdrawn for 4 h prior to sorting and cooping broilers in the predetermined processing order. The total feed withdrawal time was 12 to 14 h. Cooped broilers were transported a short distance (less than 7 mi or 11.3 km) to the pilot processing plant.
Broiler Processing
For each trial (6 trials for experiment 1 and 3 trials for experiment 2), the 7 broilers within each coop (3 pairs, alternating featherless and feathered carcasses, and 1 for deep muscle temperature determination) were processed in 4 sequential batches. In the first trial for experiment 1, all carcasses were triple-tank scalded with the first tank set at 46°C (115°F), the second at 53°C (128°F), and the third at 58°C (136°F). The slightly higher bacteria recovery from featherless carcasses in the first trial questioned the comparability of the triple-tank scalding for feathered and featherless carcasses. It was postulated that the featherless carcasses might cool more between scald tanks than feathered carcasses. Therefore, in each of the following 5 trials, 2 of the 4 batches were triple-tank scalded, and the other 3 Mechanical Bird Washer MBW-16, Stork-Gamco, Gainesville, GA.
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Clorox Ultra, 6% Sodium Hypochlorite, Clorox Co., Oakland, CA. 2 were scalded in a single tank at 55°C (132°F). Total immersion time was 2 min for both triple and single-tank scalding. Carcasses were then mechanically defeathered, eviscerated, and washed 3 at 689 kPa (100 psi). Following evisceration, batches were alternated between chilling with or without addition of 20 mg of total chlorine 4 /L by adding 40 to 45 mL into 151 L of water and ice in a paddle-immersion chiller. Prior to addition of carcasses, total chlorine was measured by adding 10 mL of the chiller water to 90 mL of distilled water, shaking, filling vacu-vials 5 (DPD N,N-diethal-p-phennylenediamine), and inserting the vials into a hand-held spectrophotometer. 5 The reading was multiplied by 10 to account for dilution and is reported as milligrams per liter. Carcasses were chilled for 45 min or until the seventh carcass had attained a deep breast and thigh muscle temperature of less than 4°C (40°F). Both chillers were emptied, washed out with 82°C (180°F) water, and refilled between batches for each processing day.
Microbial Sampling
Experiment 1-Salmonellae. After being chilled, carcasses were allowed to drip for 5 min and then placed into a plastic bag to which 400 mL buffered peptone water 6 was added. Carcasses were then mechanically shaken for 1 min. Thirty milliliters from each carcass rinsate was removed for salmonellae enrichment, and the remainder was saved for E. coli, coliform, total aerobe, and direct salmonellae count analyses. E. coli and coliforms were enumerated by transferring 1 mL from serial dilutions onto 3M Petrifilm 7 E. coli/coliform countplates and incubated at 35°C for 24 h. Total aerobic bacteria were determined by plating 0.1 mL from serial dilutions of the rinsate sample onto duplicate plates (plate count agar 8 ), spread, and incubated at 35°C for 48 h prior to counting the resulting colony-forming units. One-tenth milliliter of the rinsate was directly plated onto brilliant green sulfa agar 8 for salmonellae direct plate counts. For salmonellae enrichments, each 30-mL aliquot of rinsate was incubated 24 h at 37°C. After incubation, 0.1 mL of rinsate was transferred to 10 mL of Rappaport-Vassiliadis broth, 6 and 0.5 mL rinsate was transferred to 10 mL of tetrathionate (HAJNA) broth 8 and incubated 24 h at 42°C. Each broth was then streaked onto brilliant green sulfa agar 8 and modified lysine iron agar 9 and incubated 24 h at 35°C. Triple sugar iron 8 and lysine iron 8 agar slants were inoculated with suspect salmonellae colonies and incubated for 24 h at 35°C. Poly O 8 and Poly H 10 agglutination tests were done to confirm presumptive positives as salmonellae.
Experiment 2-Campylobacter. After being chilled, carcasses were allowed to drip for 5 min, placed into a plastic bag to which 100 mL of PBS was added, and then mechanically shaken for 1 min. Fifty milliliters from each carcass rinsate was removed for Campylobacter enrichment, and the remainder was saved for E. coli, coliform, total aerobe, and direct Campylobacter count analysis. A series of 1:10 dilutions were plated onto Campy-Cefex agar (Stern et al., 1992) and incubated at 42°C for 48 h in a microaerophilic atmosphere (5% O 2 , 10% CO 2 , and 85% N 2 ) 11 for Campylobacter counts. For Campylobacter enrichments, 2.5 mL of lysed horse blood, 12 0.5 mL of Bolton's broth supplement, 13 and 5 mL of 10× Bolton's broth 13 was added to each 50-mL aliquot of rinsate and incubated in a microaerophilic environment for 48 h. After incubation, 0.1 mL of rinsate was streaked onto Campy-Cefex agar and incubated in a microaerophilic environment for 48 h. Suspect colonies were confirmed by examination of cellular morphology and motility under phase-contrast microscopy. Isolates were also confirmed for Campylobacter jejuni, Campylobacter coli, and Campylobacter lari using a commercial latex agglutination kit.
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Statistical Analyses
E. coli, coliform, total aerobe, and direct salmonellae, and Campylobacter count data were converted to log 10 colony-forming units prior to analysis using the GLM procedure of SAS (SAS Institute, 1998) . Sources of variation were type of carcass (feathered or featherless), scalder type (single or triple), and chilling type (no chlorine or chlorine added). Bacteria levels were reported only for positive carcasses. Salmonellae and Campylobacter enrichment data were analyzed using the chi-squared test of independence. For all analyses, significance was determined at P < 0.05, and the mean square error was the error test statistic.
RESULTS
Live body weight at 8 and 9 wk of age for feathered and featherless broilers used averaged 2.4 kg. The smallest bird used in this study weighed 2.0 kg, and the heaviest weighed 3.5 kg. All paired feathered and featherless broiler live body weights were within 0.05 kg. Defeathered carcasses had the same appearance upon exiting the picker, with the vast majority of the carcass cuticle removed (without inducing wing damage during picking) indicating that the 2 scalding protocols were approximately equivalent. Total chlorine content of the chiller without additional chlorine was below the level of detection (0.15 mg/L). Addition of 40 mL of sodium hypochlorite increased the total chlorine to an average of 20.5 mg/ L (range from 18.1 to 22.4 mg/L) and after chilling for 45 min residual total chlorine was 0.87 mg/L.
Experiment 1-Salmonellae
Overall, after processing and immersion chilling, genetically featherless carcasses had significantly higher counts for E. coli (by log 10 0.4 cfu/100 mL), coliforms (by log 10 11 BOC Gasses, Chattanooga, TN. 0.4), and total aerobes (by log 10 0.3) than the genetically feathered carcasses of siblings (Table 1) . However, there were no significant differences in the recovery of salmonellae between feathered (28%) and featherless (22%) carcasses. Recovery of bacteria (E. coli, coliform, or direct plated salmonellae counts) was not different for carcasses that were single or triple-tank scalded (Table 1) . However total aerobic counts were slightly higher for carcasses subjected to the triple-tank scalding (4.7 cfu/100 mL) than single-tank scalding (4.5 cfu/100 mL). The prevalence of salmonellae by direct plating and following enrichment was higher for triple-tank scalded than single-tank scalded carcasses (Table 1 ). The small benefit of singletank scalding by removing a few more aerobic bacteria from the carcass prior to sampling postchill was not obtained for salmonellae levels determined by direct plating. However, direct plating prevalence and after enrichment, salmonellae were recovered from more carcasses subjected to the triple-tank scalding (86%) than singletank scalding (71%). This finding suggests a benefit of single-tank scalding by apparently removing more salmonellae from the carcass prior to sampling postchill. It is important to remember that this benefit of single-tank scalding may not transfer to a commercial processing environment that processes more than 250,000 broilers per day. Single-tank scalding a batch or 2 of broilers may show advantages that are overwhelmed during continuous operation at 128 broilers per minute.
Addition of 20 mg of chlorine/L of chiller water significantly decreased carcass bacteria recovery levels of E. coli (by log 10 0.5 cfu/100 mL), coliforms (by log 10 0.5), and total aerobes (by log 10 0.5) but had no effect on salmonellae recovery (Table 1) .
Experiment 2-Campylobacter
After processing and immersion chilling, genetically featherless carcasses again had marginally significantly higher counts for E. coli (by log 10 0.2 cfu/100 mL), coliforms (by log 10 0.3), and total aerobes (by log 10 0.4) than the genetically feathered carcasses (Table 2) . However, there were no significant differences in the recovery of Campylobacter between sibling feathered and featherless carcasses. Recovery of Campylobacter was not different for carcasses that were single-or triple-tank scalded. However E. coli (by log 10 0.2 cfu/100 mL), coliforms (by log 10 0.3), and total aerobic (by log 10 0.3) counts were lower for carcasses subjected to the triple-tank than single-tank scalding. The addition of 20 mg/L total chlorine to the chiller water significantly decreased carcass bacteria recovery for E. coli (by log 10 0.2 cfu/100 mL), coliforms (by log 10 0.4), total aerobes (by log 10 0.4), and Campylobacter counts (by log 10 0.5 cfu/mL) and prevalence (from 100 to 86% positive). After enrichment, Campylobacter was recovered from all carcasses regardless of treatment.
DISCUSSION
The presence of feathers and feather follicles did not appear to influence the recovery of salmonellae or Campy- lobacter from carcasses sampled after immersion chilling. However, in experiments 1 and 2, featherless carcasses had significantly higher counts of E. coli, coliforms, and total aerobic bacteria by about 0.3 to 0.4 log 10 cfu/100 mL. These data do not agree with previously reported results that no differences were detected between feathered and featherless carcass breast skin (Buhr et al., 2003) or carcass rinsate (Cason et al., 2004) sampled immediately after defeathering. The lack of significant differences in the previous experiments might have been due to feces being squeezed out of the carcasses during defeathering, leading to elevated numbers of bacteria on all carcasses. In the current experiment, loose bacteria on the carcass surface would have been rinsed off during the evisceration and immersion chilling processes, therefore providing the ability to detect significant differences between feathered and featherless carcasses postchill. When comparing triple and single-tank scalding, the results from experiments 1 and 2 differed. In experiment 1, the total aerobe counts were lower for the single-tank scalded than triple-tank scalded carcasses by 0.2 log 10 cfu/100 mL. In experiment 2, triple-tank scalded carcasses had significantly lower counts for E. coli, coliforms, and total aerobes by about 0.3 log 10 cfu/100 mL. This difference could have been due to carcasses being rinsed with 400 mL of buffered peptone in experiment 1, whereas in experiment 2 carcasses were rinsed with 100 mL of PBS. The 4-fold higher volume of rinse used in experiment 1 might have diminished the ability to detect the small but significant differences found in experiment 2.
The final tank of triple-tank scalders has been shown to have fewer numbers of suspended E. coli, coliform, and aerobic bacteria than the first 2 tanks (Cason et al., 1999 (Cason et al., , 2000 . However, after picking, this difference did not affect the recovery of aerobic carcass bacteria (Cason et al., 1999) . In experiment 1, when carcass rinsates were enriched for salmonellae, there was a significantly higher incidence of recovery for those carcasses that had been triple-tank scalded, 86 vs. 71%. The higher prevalence for direct plating and following enrichment for triple-tank scalded carcasses indicates that more salmonellae remained on these carcasses compared with single-tank scalded carcasses despite using 3 times the water volume. Although the total immersion time was the same at 2 min for single and triple-tank scalded carcasses, apparently single-tank scalding was more effective in removing salmonellae. The type of scalding method did not have any significant effects on the recovery of Campylobacter.
The addition of total chlorine at 20 mg/L in the immersion chillers significantly decreased E. coli, coliform, and total aerobe counts in both experiments. Adding chlorine to the chiller did not affect salmonellae recovery. How- ever, Campylobacter counts in experiment 2 were significantly decreased when chlorine was added to the chiller. Chlorination of immersion chillers and the washing effect of chillers reduce carcass bacteria levels (Magwood et al., 1967; Surkiewicz et al., 1969) , and chlorination prevents increased bacterial contamination reported when there is increased contamination in the immersion chiller (Mead and Thomas, 1973; Blood and Jarvis, 1974) . The presence of feathers and empty feather follicles on processed carcasses after immersion chilling appeared to have minimal influence on the level of recovery of E. coli, coliforms and total aerobic bacteria and no detectable influence on the recovery levels of salmonellae or Campylobacter. These experiments provide additional data that contradict the assumption that empty feather follicles are a significant harbor for carcass bacteria on processed poultry carcasses. If empty feathers follicles on a carcass do indeed contain bacteria following immersion chilling, it does not appear that the number of these bacteria is significant enough to affect the bacterial level of the entire carcass. Previous reports that compared feathered carcasses after defeathering and featherless carcasses for carcass bacteria levels (Buhr et al., 2003; Cason et al., 2004) and after storage for 7 d all concluded no differences in carcass bacteria levels attributable to empty feather follicles.
